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In_oducfion

During the late 1970's and early 1980's, concerns about the potential interference of wind

turbine generators with electromagnetic communication signals led to a series of research studies,

both in the laboratory and in the field, conducted by the staff of the University of Michigan

Radiation Laboratory. These studies were sponsored by organizations such as the U.S.

Department of Energy (Refs. 1 - 7), the Solar Energy Research Institute (Refs. 5 - 8), and private

developers of wind power stations (Refs. 9 and 10). Research objectives were to identify the

mechanisms by which wind turbines might adversely affect communication signals, estimate the

severity of these effects for different types of signals (e.g. television, radio, microwave, and

navigation), and formulate mathematical models with which to predict the sizes of potential

interference zones around wind turbines and wind power plants. This work formed the basis for

preliminary standards on assessing electromagnetic interference (EMI) by wind turbines (Ref. 11).

With the current renewal of interest in wind energy projects, it is appropriate that the many

experimental and analytical aspects of this pioneering work be reviewed and correlated. The

purpose of this study is to combine test data and theory from previously published and

unpublished research reports into a unified and consistent set of equations which are useful for

estimating potential levels of television interference from wind turbines. To be comprehensive,

these equations will include both horizontal-axis and vertical-axis wind turbines (HAWTs and

VAWTs), blade configuration parameters (e.g. number, size, material, twist, and coning), signal

frequency and power, and directional characteristics of the receiving antenna.

The approach that is followed in this report is as follows: First, some basic equations that

describe electromagnetic signals with interference are presented without detailed derivations, since

the latter are available in the references. Minor changes in terminology are made for purposes

of consistency. Next, the concept of a signal scatter ratio is introduced, which defines the

fraction of the signal impinging on a wind turbine that is scattered by its blades onto a nearby

receiver. Equations from references are modified for the calculation of experimental scatter ratios

(from measured signals containing interference) and idealized scatter ratios (from rotor

characteristics and relative locations of the transmitter, the turbine, and the receiver).

Experimental and idealized scatter ratios are then calculated and compared for 75 cases from the

literature, in which TVI measurements were made around a variety of wind turbines (Fig. 1).

An empirical equation is then defined, for estimating the probability that an actual scatter ratio

will differ from an idealized ratio by a given amount. Finally, a sample calculation of the size

of a potential TV interference zone around a hypothetical wind power station is presented.



(a) 03)

(c)

Figure L Experimental wind turbines around which some of the first research on the

scattering of electromagnetic signals by wind turbine blades was conducted in the late

1970's and early 1980's. (a) The DOE/NASA 2.0-MW Mod-1 HAWT near Boone, NC. 03) The

DOE/NASA 2.5-MW Mod-2 HAWT near Goldendale, WA. (c) The DOE/Sandia 500-kW 17-m

Darrieus VAWT near Albuquerque, NM.
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Basic Equations

A general model is developed and presented in References 1 and 5 of the essential mechanism

by which a wind turbine can produce elec_omagnetic interference, and the following discussion
originates in these references. Figure 2 illustrates the field conditions under which a wind turbine

may eanse EMI. A transmitter (T) sends a dz'rect signal to receivers (R) and to a wind turbine

(WT) that may be of either the horizontal- or vertical-axis configuration (HAWT or VAWT). The

rotating blades of the turbine produce and transmit a scattered signal. Thus, the receivers may

acquire two signals simultaneously, with the scattered signal causing EMI because it is delayed

and/or distorted. Signals reflected in a manner analogous to mirror reflection are termed back-

scattered. As shown in the figure, about 80 percent of the region around the turbine is the

backward-scatter zone. On the other hand, signal scattering that is analogous to shadowing is

termed forward scattering, and about 20 percent of the region around a turbine is the forward-
scatter zone.

Transmitter
T

V

Receiver
R

Direct Signal

Scattered Signal

Receiver
R

Figure 2. Schematic plan view of the relative positions of a transmitter, receivers, and a

wind turbine that may produce EML Interference is caused by the simultaneous reception of

both the direct and the scattered signals, the latter being delayed and/or distorted.
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Theenvelopeof the total electric field strength of the ambient signal, E, surrounding a receiv-

ing point, R, can be written as

IERle vetope= leR,OI [1 + mE fro(t)]
(la)

IER,sl

mE = iE ,ol (lb)

where eR
IER,ol
IER,sl

m E

t

= field strength at the receiver of the total signal (mV/m)

= amplitude of the direct field (from the transmitter) at the receiver (mV/m)

= maximum amplitude of the scattered field (from the wind turbine) during

a rotor revolution (mV/m)

= ambient field modulation index

= time-varying modulation shape function; -1 <fro(t) < 1

= time (s)

The severity of interference with the signal field is measured by the modulation index, m E , and

the nature of the interference effects is described by the modulation shape function, f,n" The

envelope of IERI represents the field of the total signal that is actually observed, and the

modulation shape function represents the time dependence of the envelope of the scattered signal

introduced by the blade rotation.

The perception of electromagnetic interference depends not only on the modulation of the

ambient signal field but also on the degree of modulation of the signal power at the input
terminals of the receiver. This involves the receiving antenna orientation and response. In a

TV signal, for example, signal power and signal field are related as follows:

PR = Go FA (X/693x)2 ER 2 (2)

where R

G o -

FA --

FB/F -

CA =
X=

y=

signal power input at the receiver location (mW)

effective gain of the receiving antenna pointed at the transmitter (mW/mV 2)

azimuthal response factor of the receiving antenna, dependent on CA;

F A < 1, with FA(O °) = 1 and FA(+IS0 °) = FB/F (mW/mW)
back-to-front ratio of a directional antenna

azimuthal angle from the receiving antenna beam to the signal source (rad)

signal wave length = 299.8/f (m)

signal frequency (see Appendix A for TV channel frequencies) (MHz)

Signal power is usually expressed in dBm or dB above 1 mW, for which the definition is

PR (dBrn) = 101ogl0[P g (roW)] (3)

Typical azimuthal response functions for a directional TV antenna are shown in Figure 3.

Figure 3(a) presents the results of a laboratory test at one signal frequency as a polar diagram

in which F A is equal to the difference between the dB reading at a given antenna direction and
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that at zero degrees. In Figure 3(b), the equivalent response in the field is compared to the
laboratory or "free space" data, showing the effects of local terrain and atmospheric conditions.

(a)

0 Angle from Antenna Beam
-30 I 30 to Signal Source (deg)

-6 0

"90.120 _ X --12090

/ I \
-150 180 150

-200 -100 0 100 200

Angle from Antenna Beam to Signal Source, _^ (deg)
(b)

Figure 3. Typical azimuthal response factors for a directional TV antenna.

(a) Laboratory calibration at 63 MHz (Ch. 3). (b) Field response at approximately 66 MHz,
compared with the laboratory calibration. [Ref. 5]



Figure 4 shows typical modulations of an audio power signal that can be caused by the
addition of a secondary signal scattered by a HAW'[" rotor. In this case the turbine is the 2.0-

MW Mod-1 machine with two steel blades rotating at 10 rpm, which produces a modulation

wave form with a period of 3.0 s. In Figure 4(a), the antenna beam is pointed at the wind

turbine, at an azimuth of 288 dog. The direct (desired) signal is received from the transmit_r

at an azimuth of 154 (leg. Thus, the antenna angle for the direct signal is 134 deg, for which the

response factor (Fig. 3) is -12 to -18 dB. This greatly increases the relative size of the

modulation compared to the direct signal. Figure 4(i)) shows that the opposite is true when the

antenna is directed at the wind transmitter. Here the direct signal is received at full strength and

the scattered signal is reduced by -12 to -18 dB. These two signal records illustrate how

potential interference can often be avoided by the use of a properly-oriented directional antenna.

Combining Equations (1) and (2) gives

- IPR,DI(1 + mR fro)2 (3a)IPRle, etop 

where

mR _ _FA,w/FA,T mE (3b)

IPR,DI = amplitude of direct signal power input at the receiver location (roW)

m R = receiver input modulation index

FA, W = antenna response factor for a signal from the wind turbine (mW/mW)

FA. r = antenna response factor for a signal from the transmitter (mW/mW)

Because the maximum magnitude off m is always unity, the maximum and minimum departures

(in dBm) from the level of the direct signal are

A 1 = 20 lOgl0 ( 1 + m R ) (4a)

A 2 = 20 lOgl0 ( 1 - m R ) (4b)

giving rise to

where

1+ RI
m R

A = AI-A 2 = 201og10 1-m

A = PR, max - Pit, rain ---- signal power modulation range (dBm)

A1 = PR. max" PR. mean (dBm)

A2 = PR, min- PR mean ((IBm)

PR, mean IPR, DI (dBffi)

(4c)

Figure 5 is a graphical solution of Equation (4c), from which we obtain the following empirical

equation:

m R = 0.0620 A (1 - 0.0169 A ) (5)
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Figure 4. Typical modulation of a TV power signal by a secondary signal scattered by _m

operating wind turbine. (a) Antenna pointed at the transmitter. (b) Antenna pointed at the wind

turbine. The turbine is the two-bladed 2.0-MW MOd-1 HAWT and the signal is on Channel 3.

Modulation wave frequency is twice the turbine rotor speed of 10 rpm [Ref. 5].
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Figure 5. Receiver modulation index versus the power signal modulation range.
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Observed Signal Scatter Ratios

The strengthof the scatteredsignalfieldat a receiverlocationcaused by a wind turbinecan

bc conveniently expressed as a signal scatterratio,which is the ratioof the amplitude of the

scatteredsignalfieldat the receiverto the directsignalfieldat the turbine,or

z = IER'sl (6)
[EwT, D I

where Z = signal scatter ratio

IEwT, D] = amplitude of the direct field at the wind turbine (mV/m)

The ratio Z is a characteristic of the turbine and its location relative to the transmitter and

receiver, and it is independent of the receiver antenna response or the ambient signal fields at

either the receiver or turbine locations. The signal scatter ratio can be used to predict the

receiver input modulation index using Equations (lb) and (3b), as follows:

=zl FAw IEwr, D I
m R

(7)

Equation (7) shows clearly that EMI potential depends on the combination of turbine and site
characteristics (Z), relative antenna characteristics (FA, w/FA, 7"), and relative direct field strengths

( Iewr,z,I/IER.z_l).
The signal scarer ratio actually observed during a test can be determined from a record of

signal power versus time, like that shown in Figure 9-4(a). Data reduction equations, derived

from Equations (2), (4), (5), and (6), are

IER,Slo mR(A ) _]eR,mean
= = (8a)

Z° [EwT, °l F_A,W _[PwT, OI

where

e_, max

PR, mean =

(1 + mR) 2

(8b)

[ PR, mean ] W

FA,W = PR,mean

(8c)

Z0 = observed signal scatter ratio

IER, S[O = observed amplitude of the scattered signal at the receiver (mV/m)

IPwr, o l = amplitude of the direct signal power at the wind turbine rotor (roW)

[PR, mean]W = average signal power with the antenna beamed at the wind turbine (mW)



Thefollowing calculationsof scatterratios for the signalsin Figure 4 will illustrate the use of

Equations (8):

From measurements of the power of the direct signal at the wind turbine site, Pw'L D = -27.0 dB.

Let Z 0 = Z W when the antenna is aimed at the wind turbine and Z 0 = Z T when it is aimed at the

transmitter. Ideally, the ratios Z w and Z T will be equal.

Case 9: Antenna aimed at the wind turbine (Case numbers refer to the listing in Appendix B)

From Figure 4(a),

A

mR

DR, mean

FA, W

Z W = 10 lOgl0(mR) + 0.5(PR, mean

- PR, rain = -74.5 - (-89.5) = 15.0 dB

= 0.0620 A(1 - 0.0169 A) = 0.695

= PR, max/(1 + mR) 2 = 10 log10[10"7"45/(1.695) 2] = -79.1 dB

= [PR, mean]W /PR, mean = -79.1 - (-79.1) = 0 dB

- FA, W - PWT, D) = -27.6 dB = 0.0017

Case 10: Antenna aimed at the transmitter

From Figure 4(b),

A = -64.7 - (-65.2) = 0.5 dB

m R = 0.0620 x 0.5(1 - 0.0169 x 0.5) = 0.031

PR, mean = 10 log10110"6"47/(1.031) 2] = -65.0 dB

FA, W = -79.1 - (-65.0) = -14.1 dB

Z T = 10 log10(0.031) + 0.5[-65.0 - (-14.1) - (-27.0)] = -27.1 dB = 0.0020 = Z w

In these two cases, the turbine scatters about 0.2 percent of its incident field onto the receiver.
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Idealized Signal Scatter Ratios

It has been found that the main scattering characteristics of a rotating HAWT blade can be

adequately analyzed with the help of an idealized model consisting of a rotating fiat plate [e.g.,

see Ref. 5]. To simplify the model and maximize the strength of the scattered signal, the blades

of the wind turbine are assumed to be positioned for optimum reflection (or shadowing) of the

signal from the transmitter, all elevations (transmitter, wind turbine, and receiver) are assumed

equal, and earth reflection effects are neglected. Under these conditions, an idealized signal

scatter ratio can be defined as follows:

zl -- leR,sIi 8E Ae
iEwr, o I = ris X_ c°s(kes) (ga)

where

k

zl
IER,sll

ris

BE

Ae
k

0.5, -0.8re ___{_s < 0.87; (Backward Zone) (9b)
2.0, 0.8 n < _ S < 1.2 x ( Forward Zone)

= idealized signal scatter ratio

= idealized amplitude of the scattered signal field at the receiver (mV/m)

= signal scattering efficiency of a blade compared to a fiat metallic plate

= effective number of blades, _<B = actual number of blades

= plan:form area of one blade (m 2)

= wave length of the direct signal (m)
= distance from the receiver to the wind turbine (m)

= azimuthal scatter angle, from transmitter to wind turbine to receiver (rad)

Signal Scattering Efficiency of a HAWT Blade

Laboratory tests of the signal-scattering efficiency of scale-model HAWT blades [e.g. Refs.

3 and 4], using microwave signals in an anechoic chamber, have identified the relative effects

of airfoil contour, material, and total twist. The results of these experiments are summarized in

Figure 6, and they lead to the following empirical equations:

rls,H " riA_IM exp(- 2.30 A[_) (9c)

riA -- 0.80 (9d)

1.00 for metallic blades (9e)rim = 0.41 for non-metallic blades

where riS, H

riA

TIM

= signal scattering efficiency of a HAWT blade

= airfoil contour factor

= material factor

= total blade twist from root to tip (rad)
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Lightning protection in the form of spanwise metallic strips may increase the scattering efficiency

of a non-metallic blade almost to that of a completely metallic blade [Ref. 4].

$

t_
O
t.O

O
m
m

1

0.1

0

•"=- Metallic: TlS,H= 0.80 exp (-2.30 A_i)

-x-- Non--Metallic: TIs.x= 0.33 exp (-2.30 AI3)

I
0.05 0.10

I

x

X

0.15 0.20 0.25

Total Blade Twist (rad)

Figure 6. Signal scattering efficiency of scale-model HAWT blades compared to fiat, metal

plates. [data from Refs. 3 and 4]

Signal Scattering Efficiency of a Darrieus VAWT Blade

During television interference tests around the curve-bladed DOE/Sandia 17-m Dardeus

VAWT (Fig. l(b)), it was observed that the strength of the scattered field was relatively

independent of the carder wave length, X [Ref. 6]. Referring to Equation (9a), this suggests that

the scattering efficiency, rls, must be proportional to _, for a Darrieus rotor. This was confirmed

by tests in which the receiver was directly between the transmitter and the VAWT. For this test

configuration, OS equals zero. B E equals one, since maximum scatter occurs when one blade is

directly between the VAWT axis and the receiver and this places the other blade in its shadow
and in the shadow of the central column of the rotor. Combining Equations (Sa) and (9a), the

observed signal scattering efficiency, _s, O, for this arrangement is

ZoX 
1"1S,0 - -

Ap
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Figure7 shows the observed scattering efficiency of the 17-m Dardeus VAWT blade as a linear

function of the wave length normalized by the blade length of 24.1 m, which leads to

'qS,V = _lA TIM_']L (90

where rls, v = signal scattering efficiency of a Darrieus VAWT blade

The airfoil and material factors for a VAWT blade are assumed to be the same as those for a

HAWT blade, as given in Equations (9d) and (9e). Equation (12) should be considered to be

preliminary until verified by scattering tests on Darrieus blades of other lengths.

"3

_0.1

cO

tI)

m

Metallic: rls, v = 80L/L

0.01 1

Wave Length/Blade Length, Z/L

Figure 7. Signal scattering effidency of a Darrieus VAWT blade compared to a fiat metal

plate of the same planform area. [data: Ref. 6]

Effective Number of Blades

The parameter B E accounts for the fact that the axes of multiple blades on a wind turbine

rotor may not be collinear, so that when one blade is in its maximum scattering position the other

(or others) may not be. For an idealized, two-bladed HAWT rotor with coning (i.e., blades tilted

downwind to reduce bending loads), if blade 1 is horizontal and positioned for maximum

scattering, the aximuthal position of blade 2 will differ from that of blade 1 by twice the coning

angle. For this configuration, it can be shown that
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where

BE=I+ sinc{___ sin(20)cos(kiPs)}<B (9f)

sinc{ } = Isin{ }/{ }1
0 = coning angle between the blade axis and the plane of revolution (rad)

It can be shown that Equation (90 also applies to an idealized three-bladed rotor. When cal-

culating the idealized signal scatter ratio for a HAWT, it is necessary to place an upper limit on

B E that may be less than B, to prevent the scattered signal from exceeding the direct signal at

distances from the turbine greater than the rotor radius. Referring again to Equation (9a),

BE < BE, max = 2LR/Ap for HAWT rotors (9g)

Equation (9g) can be applied to VAWT rotors by assuming that coning angles are determined

by the angles between airfoil sections at the rotor equator. Thus, the coning angle is zero for a

two-bladed VAWT and 60 deg for a VAWT with three blades. In the infrequent case when the

receiver is directly between the transmitter and a two-bladed VAWT, only one blade is effective.

Multiple Wind Turbines

Measurements in the vicinity of three MOD-2 wind turbines [Ref. 10] indicate that TVI

effects are enhanced when several turbines operate in synchronism (i.e.with blades parallel). The

amplitude of the interference pulses produced by two synchronized turbines is about twice that

for a single wind turbine. For a large number of units, interferences may add randomly, but this

is yet to be verified. A practical approach to analyzing the scattering of signals by a wind power

plant composed of a large number of turbines is to divide the plant into clusters and use the

following two assumptions about cumulative scattering: (1) The turbines within a cluster operate

in synchronism, so that the idealized cluster scatter ratio is the sum of the individual ratios within

the duster, and (2) clusters are not in synchronism, so the idealized plant scatter ratio is the root-

sum-square (RSS) of the cluster ratios. On the basis of these assumptions,

N

IER'sl = Zl,y
Zr ,c- IEc, DI j=l (9h)

1 N

= -N'=N IEwT'DI'i

i--1 i

1 M

IEps,ol - -_ _ lEe,oil
i=1

(9i)

(99

where ZI, C

z ,ps
N,M

Iec, z l, IEes,ol

= idealized cluster scatter ratio

= idealized power station scatter ratio

= number of wind turbines in a cluster and number of clusters, respectively

= average amplitudes of the direct signals incident on a cluster and on the

power station, respectively (mV/m)

13



Comparison of Observed and Idealized Signal Scatter Ratios

For the conditionsof a given fieldtest,Equations (8) can be used to calculatethe observed

scatter ratio, while an idealized scatter ratio is determined for that test using Equations (9). By

comparing observed and idealized scatter ratios for a variety of wind turbines and field

conditions,we can estimatethe probabilitythatsignalinterferencewillexceed the idealizedvalue

by a given amount. This has been done for the 75 fieldtestcases listedin Table 1. Data for

calculatingthe observed scatterratiosare tabulatedin Appendix B for thesecases,and Appendix

C containsa tabulationof idealizedscatterratios.

Table 1.

TVI Cases Analyzed for Observed vs Idealized Scatter Ratios

(Data in Appendices B and C)

Wind No. Scatter No. Wave WT-Rcceiver Source

turbine of zone of lengths distances of data

units cases (m) (m)

Mod-1 HAWT 1 Backward 15 1.6- 5.0 1041 - 2745 [Ref. 1]

" " Forward 5 1.5- 3.7 ....

Mod-2 HAWT 1 Backward 4 1.6 - 3.4 1603 - 6100 [Ref. 21

.... Forward 1 0.6 1445 ....

" 2 Backward 1 3.4 6254 "

" 2,3 Forward 4 0.5- 1.4 1354- 1717 "

17-m VAWT 1 Backward 33 0.4 - 4.2 32 - 133 [Ref. 3]
.... Forward 12 " 27 - 31 "

Total: 75

Backward Scatter Zone

Figure 8 presents a comparison of observed and idealized signal scatter ratios (in dB) for 53
cases in which the receiver was located in the backward scatter zone. Correlation is approximate-

ly the same for HAWT and VAWT tests, with most of the observed scatter ratios lying within

+3 to -6 dB of the applicable idealized scatter ratio. Deviations can be attributed to rotor blades

out of position for maximum scattering, ground reflection effects, atmospheric effects, and weak

signals that make measurement of modulation difficult.

Forward Scatter Zone

In Figure 9, signal scatter data for receivers in the forward zone are shown for a smaller

number of tests (22 cases). In the forward zone an observed scatter ratio is generally between

+4 and -3 dB of its idealized ratio. The relatively large VAWT scatter ratios are caused by small

distances between the turbine and the receiver (less than 2 rotor diameters for these tests). On

the other hand, the larger HAWT ratios are produced by the combined effects of several large-

scalerotors operatingin synchronism.

14
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Figure 8. Comparison of observed and idealized signal scatter ratios for receivers in the
backward-scatter zone.
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Figure 9. Comparison of observed and idealized signal scatter ratios for receivers in the
forward-scatter zone.
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Multiple Wind Turbines

The assumption that signal scatter ratios are linearly additive for a small cluster of wind

turbines can be evaluated by examining Figure 10. "IV signals scattered by two and three large-

scale MOd-2 HAWTs operating simultaneously were observed to be as strong or su'onger than

predicted by the sum of the idealized scattered signals from each turbine.

-10

rn

O

N

8 -20
• Observed: Back---Scatter

X Observed: Front--Scatter

Zc = Sum(Zl_)

-25 -20 -15 -10

Total of Idealized Scatter Ratios, Sum(Zi. n) (dB)

Figure I0. Comparison of observed and idealized signal scatter ratios for two and three

Mod-2 HAWTs operating simultaneously. Based on test data from Reference 3.

Probability Analysis of Deviations Between Observed and Idealized Scatter Ratios

Figures 8 through 10 show that the idealized scattering model expressed in Equations (9)

represents the general signal interference behavior of a variety of wind turbines under a range
of field conditions. However, observed scatter ratios often deviate significantly from idealized

ratios, which is to be expected since the simplified model treats several variable parameters as

constants (e.g. rotor positions and relative elevations). We can estimate the effect of field

conditions that differ from the assumptions in the scattering model by a statistical comparison

of the results of the cases in Table 1.

A useful predictive parameter is the estimated probability that the observed signal scatter ratio

will exceed the idealized ratio by a given amount, or

y(AZo>AZ ) = Ts(AZ) (10a)

AZ o = Z o - Zz (10b)
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where Y( ) = probability of ( ); 0 < Y < 1

YE( ) = probability of exceeding ( )

AZo, AZ = observed and selected deviations in the signal scatter ratio (dB)

Figure 11 shows the probability of exceedance as a function of the deviations for the 75 cases

in Table 1. A linear fit to the central portion of this distribution is

from which

YE(AZ) --- 0.39 - 0.11AZ -5.5 _<AZ_< 3.5

z - z1 + 3.5- 9.0re

(lla)

(llb)

where all quantifies are in clB units. In ratio form,

Z = F/zZ I (llc)

where F g

FE = 10(0.35 - 0.90r_)

= empirical exceedance factor

(lld)

N
"<I

d
o
c-

"0

X
ILl

0

=_

..Q

..Q
2

Q.

1.0

0.8

0.6

0.4

0.2

0.0
-20

II

• HAWT

P(AZl)

and VAWT F" _,

= 0"39- 0"llAZI =_ =

-15 -10 -5 0 5

De_ation from Idealized Scatter Ratio, A_. (dB)

10

Figure 11. Probability analysis of deviations between observed and idealized signal scatter

ratios. Data points are the cases listed in Table 1 and tabulated in Appendices B and C.
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Interference Zone Around a Wind Power Station

The interference zone around a wind turbine or group of turbines is defined as the region

within which the receiver modulation index, m R, exceeds a long-term tolerance value, m L, when

the maximum scattered signal is being directed toward the receiver [Ref. 13]. The boundary of

the interference zone is not clearly defined, since the contributing factors of signal strength,

amplitude of modulation by the turbine blades, and tolerance of video distortion can all change

with time. What will be presented here is a sample application of the equations developed in

earlier sections, in which a boundary line is drawn around a hypothetical wind power station at

a location where the modulation index is equal to 0.015. This is a typical maximum value of the

index for long-term tolerance.

General Equation for Defining the Interference Zone Boundary

For this sample case, the wind power station is assumed to be composed of M clusters of N

identical HAWTs at the same elevation as the transmitter and the receiver. The scatter ratios

from the turbines within a cluster are assumed to be linerly additive, while cluster scatter ratios

add in a random fashion. Two additional simplifying assumptions are that the receiving antenna

is aimed directly at the receiver (i.e. FA, T = 1), and the direct signal strengths at all of the

turbine clusters are equal. With these assumptions, Equations (7), (9h), (9i), and (llc) can be

combined to give

mR,pS = ZC_,A,W [Ec, D[ .. NF E Z:]i (12)
i=x IER,oI I O I i=X

where mR, es = index of total modulation caused by all turbines in the wind power station

Maximizing the effective number of blades in accordance with Equation (9g), the idealized

signal scatter ratio in Equation (9a) becomes

z, -- [A, ) x;
__ cos(k _bs) (13a)

[0.5, -0.8g<qbS<0.8_ (Backward Zone) (13b)

k " _[ 2.0, 0.8g<qbs___ 1.2g (Forward Zone)

where the parameters _, _s, and k are evaluated for each cluster. Combining Equations (12) and

(13) and solving for the distance from the center of the power station, the following equation is

obtained which defines the boundary of the interference zone in polar coordinates:

ris DNFE
G(%) --

2 mR, PS

(14)
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where gB = radial distancefrom thecenter of the power station to a

given point on the interference zone boundary (m)

_B = azimuthal angle from the transmitter to the center of the power station to

the same boundary point (deg)

To solve Equation (14), the coordinates c_.and _S,i for each cluster are fhst expressed in terms

of the coordinates _B and _B- A value of _B is then selected, and a corresponding value of _B

is determined by trial and error that will make the two sides of Equation (14) equal.

Sample Wind Power Station Configuration

Figure 12 is a schematic plan of the sample power station, which is composed of 60 HAWTs

divided into 10 clusters of 6 turbines each. The turbines are 40 m in diameter and are arranged

in three north-south rows, with spacings of 240 m (6D) east-west and 120 m (3D) north-south.

The station boundary is assumed to be 3D from the outer turbines, which gives a total station size

of 720 m x 2,520 m. The transmitter is located directly north of the station.

Five Turbines per Cluster
N

3 Rows, Spaced 240 m

Figure 12. Schematic plan view of the sample wind power station.
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The parameters in Equation (14) are evaluated as follows for this sample station:

D =40m

M = 10

N=6

rls = 0.50

F E = 2.02 (i.e. YE = 0.05)

mR, es = 0.15

IEes, D I --IER, DI

FA, W = FBIF [1 + cos(¢s)]/2 (riB)

FBI F - 0, -5, -10, -15, and -20 dB

With these parameters, F.,quation(14) becomes

Figure 13 shows the boundaries of the TV interference zones with a modulation index of 0.15
for various values of the back-to-front ratio of the receiving antenna. Examination of Figure 13

shows that the directionality of the receiving antenna is important in the broad backward-scatter

zone to the north of the station, but not significant in the narrow forward-scatter zone to the

south.

Conclusions

Equations have been developed with which the extent of potential interference with TV signals

by the moving blades of a wind turbine or group of wind turbines can be estimated. These

equations include the effects of parameters that significantly influence TV signal modulation, as

determined by tests in the laboratory and in the field. These parameters include the relative

locations of the transmitter, wind turbine(s), and receiver, size, material, and shape of the wind

turbine blades; numbers and spacing of multiple wind turbines; directionality of the receiving

antenna; frequency and power of the direct signal; and reflectivity of the terrain between the

turbines and the receiver. The equations also include a factor that permits the analyst of

incorporate a probability of exceedance into the interference estimates.

The equations presented are based on available test data and applicable models of

electromagnetic interference, but field test data from multiple wind turbines are limited to

measurements around three megawatt-scale HAWTs with metal blades. Measurements of the

intensity of scattered signals around wind power stations containing large numbers of turbines

of various sizes with metallic and non-metallic blades are needed to validate the equations

presented for estimating the size of the potential TV interference zone around such installations.
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Antenna Back-to Front Ratio

0 dB

-5 dB

........ -10 dB

......... 15 dB

\

T

3,000m

Figure 13. TV interference zones around the sample wind power station in Figure 12, for
various values of the antenna back-to-front ratio. The modulation index at the zone

boundaries is 0.15.
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Appendix A - Television Channel Center Frequencies

Channel Video Audio Channel Video

number signal signal number signal

(MHz) (MHz) (MHz)

Audio

signal

(MHz)

2 55.25 59.75 30 567.25

3 61.25 65.75 31 573.25

4 67.25 71.75 32 579.25

5 77.25 81.75 33 585.25

6 83.25 87.75 34 591.25

7 175.25 179.75 35 587.25

8 181.25 185.75 36 603.25

9 187.25 191.75 37 609.25

10 193.25 197.75 38 615.25

11 199.25 203.75 39 621.25

12 205.25 209.75 40 627.25

13 211.25 215.75 41 633.25

14 471.25 475.75 42 639.25

15 477.25 481.75 43 645.25

16 483.25 487.75 44 651.25

17 488.25 493.75 45 657.25

18 495.25 499.75 46 663.25

19 501.25 505.75 47 669.25

20 507.25 511.75 48 675.25

21 513.25 517.75 49 681.25

22 519.25 523.75 50 687.25

23 525.25 529.75 51 693.25

24 531.25 535.75 52 699.25

25 537.25 541.75 53 705.25

26 543.25 547.75 54 711.25

27 549.25 553.75 55 717.25

28 555.25 559.75 56 723.25

29 561.25 565.75 57 729.25

571.75

577.75

583.75

589.75

595.75

601.75

607.75

613.75

619.75

625.75

631.75

637.75

643.75

649.75

655.75

661.75

667.75

673.75

679.75

685.75

691.75

697.75

703.75

709.75

715.75

721.75

727.75

733.75
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